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ABSTRACT: Chemical separations technologies are energetically costly; lowering this cost through the development of 
new molecular separation methods would thus enable significant energy savings. Molecules could, for example, be selec-
tively encapsulated and separated using coordination cages, which can be designed with cavities of tailored sizes and ge-
ometries. Before cages can be used to perform industrially-relevant separations, however, the experimental and theoreti-
cal foundation for this technology must be established. Using hydrophobic and hydrophilic anions as stimuli, we show 
that cages can reversibly transfer many times between mutually immiscible liquid phases, thus transporting their molecu-
lar cargoes over macroscopic distances. Furthermore, when two cages are dissolved together, sequential phase transfer of 
individual cage species results in separation of their molecular cargoes. We present a thermodynamic model that de-
scribes the transfer profiles of these cages, both individually and in the presence of other cage species. This model pro-
vides a new analytical tool to quantify the hydrophobicity of cages. 
INTRODUCTION  
Here we demonstrate how coordination cages1–3 of vary-
ing sizes, shapes,4–8 and charge densities (Figure 1a) can 
shuttle between immiscible liquid phases, transport mo-
lecular cargoes, and thus perform chemical separations. 
Anion exchange drives this reversible phase transfer. By 
using hydrophobic and hydrophilic anions as stimuli to 
drive transport across a phase boundary,9 precise control 
is exerted over the physical location of these cages and 
their molecular cargoes.10 The only side products from 
these separations are solutions of salts, which may be re-
concentrated and recycled. Contrary to our intuition, the 
amounts of anions required to effect the transfer of each 
cage remained constant over many transfer cycles. 
We have also quantified how different cage species dis-
play different levels of sensitivity to the same stimuli. 
When different cages are combined, individual cage spe-
cies thus undergo sequential phase transfer, separating 
their molecular cargoes. We have described these phe-
nomena using a new thermodynamic model that has been 
developed to explain the observed behaviors. 
 
RESULTS AND DISCUSSION 
Counteranions11,12 are crucial in determining the solubil-
ity preferences of cationic coordination cages. When cag-
es 18+, 28+, and 316+ (Figure 1)13–15 are paired with sulfate 
(SO42–) counterions,16 they are soluble in water despite the 
poor aqueous solubilities of their subcomponents.17 These 
cages become insoluble in water but soluble in organic 
solvents such as acetonitrile when paired with more hy-
drophobic anions such as trifluoromethanesulfonate or 
bis(trifluoromethanesulfonyl)imide.17 This trend contin-
ued as the hydrophobicity of the anion increases: paired 
with bulky, hydrophobic anions such as tetrakis[3,5- 
bis(trifluoromethyl)phenyl]borate, coordination cages 
and other polycationic species can become soluble in 
nonpolar solvents.18–20 Building upon these ideas, we have 
designed a series of systems in which cationic cages were 
observed to transfer reversibly between water and ethyl 
acetate (EtOAc) by means of anion exchange (Figure 1). 
To biphasic systems composed of EtOAc and aqueous 
solutions of 1[SO4]4, 2[SO4]4, or 3[SO4]8, the lithium salt of 
the bulky, hydrophobic anion tetrakis(pentafluoro-
phenyl)borate (LiB(C6F5)4) was added to promote anion 
metathesis from SO42– to B(C6F5)4–. The resulting B(C6F5)4– 
salts of cages 18+, 28+, or 316+ became insoluble in water, 
soluble in EtOAc, and were observed to transfer from wa-
 ter to the EtOAc layer. Conversely, upon the addition of 
tetrabutylammonium sulfate ((nBu4N)2SO4) to biphasic 
systems composed of water and 1[B(C6F5)4]8, 2[B(C6F5)4]8, 
or 3[B(C6F5)4]16 in EtOAc, the cages underwent reverse 
anion metathesis to regenerate the SO42– salts, undergo-
ing phase transfer from EtOAc into the water layer. Addi-
tion of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate also resulted in reversible phase transfer, as dis-
cussed in Supplementary Information (SI) sections S4, S5, 
and S9.   
 
Figure 1. (a) Structural representations of edge-bridged tetrahedral cage 18+, face-capped tetrahedral cage 28+, face-caped cubic 
cage 316+, and anion B(C6F5)4–. Cage 316+ has a lower charge density than cages 18+ or 28+. (b–d) Reversible phase transfer of cage 
18+, 28+, and 316+ between water and EtOAc following the addition of hydrophobic (B(C6F5)4–) or hydrophilic (SO42–) anions. 
Reversible phase transfer of cages 18+, 28+, and 316+. 
To determine the minimal amount of B(C6F5)4– necessary 
to effect complete transfer of cages 18+, 28+, and 316+ from 
water to EtOAc, UV-Vis spectrophotometry was used to 
monitor the water and EtOAc layers following the addi-
tion of LiB(C6F5)4. Figure 2a shows the proportion of cage 
transported as B(C6F5)4– was added to the system. To ef-
fect complete phase transfer into EtOAc, cages 18+, 28+, 
and 316+ all required different amounts of B(C6F5)4– (13 
equiv, 8.2 equiv, and 26 equiv, respectively). To calculate 
these values, we defined complete transfer to have oc-
curred following the addition of twice the number of ani-
ons required to reach the inflection point of the phase 
transfer profile, and we could detect no further cage in 
the source phase. We also determined the minimum 
amount of SO42– required to effect reverse transfer of cag-
es 18+, 28+, or 316+ from EtOAc into water. Because SO42– 
possesses twice the negative charge of B(C6F5)4–, only half 
as much SO42– as B(C6F5)4– was required (6.5 equiv, 4.1 
equiv, and 13 equiv, respectively). The phase transfer be-
haviour of cages 18+, 28+, and 316+ was observed to be inde-
pendent of cage concentration from 5 µM−2 mM. 
Having determined the minimum amount of anions 
necessary to complete the transfer of cages 18+, 28+, and 
316+ between water and EtOAc, we then sought to quantify 
the reversibility of phase transfer over multiple cycles. To 
this end we used slice-selective 1H NMR to collect data 
from both phases within biphasic NMR samples.21,22 This 
experiment provided 1H NMR spectra from 0.5 mm-thick 
slices centred in the D2O layer and the (nondeuterated) 
EtOAc layer. To streamline NMR analysis, we also devel-
oped a program that facilitated the selection of slices. 
Details of this program are provided in SI section S8. 
The use of slice-selective 1H NMR to monitor the phase 
transfer of cages 18+, 28+, and 316+ allowed us to avoid sepa-
rating and subsequently recombining the D2O and EtOAc 
layers between additions of hydrophobic or hydrophilic 
anions. After slice-selective NMR was employed to meas-
ure a 1H NMR spectrum from each layer, the minimum 
amount of B(C6F5)4– solution was added to achieve com-
plete phase transfer from D2O into EtOAc, with this re-
quired quantity of anion having previously been deter-
mined using UV-Vis. The NMR tube was inverted 20 
times, and slice-selective 1H NMR was used to measure 
 spectra in both layers. The minimum required amount of 
SO42– was then added to trigger phase transfer of the cage 
species from EtOAc into D2O, and both layers were again 
analysed using slice-selective 1H NMR. 
No increase in the number of equivalents of B(C6F5)4– or 
SO42– added was necessary to achieve complete transport, 
even after many cycles. Notably, negligible fatigue was 
observed, even after the cage species had crossed the 
D2O/EtOAc interface 11 times (representative data for 
cage 28+ are presented in Figure 2b; data for cages 18+ and 
316+ can be found in the SI, Figures S65 and S67). Because 
B(C6F5)4– and SO42– were added as stock solutions in 
EtOAc and D2O, respectively, the system could not be-
come saturated with salts.  
Thermodynamic model describing the reversible 
phase transfer of cages 18+, 28+, and 316+. Using data ob-
tained from the UV-Vis experiments, we developed a 
thermodynamic model to quantify the parameters that 
govern phase transfer. This model is grounded upon the 
assumption that cage solvation in water or EtOAc is asso-
ciated with the different average energy states, Ewater and  
 
Figure 2. (a) Proportion of cage transport from D2O to 
EtOAc as a function of the amount of anion added to the 
system. Data were fit to equation (1). (b) Slice-selective 1H 
NMR data from the D2O and EtOAc layers of a single NMR 
sample as anion exchange (between SO42– and B(C6F5)4–) was 
employed to transport cage 28+ across the phase boundary 11 
times. 
EEtOAc, respectively. We define EEtOAc – Ewater as ΔE. The 
partitioning of cage cations between the two layers occurs 
under thermodynamic control and is therefore described 
by the Boltzmann distribution over a two-level system, 
according to Equation (1):  
 𝑃 =  
1
1+𝑒
Δ𝐸
𝑘𝑇
=
1
1+𝑒
𝑚𝑥+Δ𝐸0
𝑘𝑇
 (1) 
where k is the Boltzmann constant, T is absolute tempera-
ture, and P is defined as the proportion of cage in EtOAc: 
 𝑃 =  
𝑛EtOAc
𝑛water+𝑛EtOAc
 (2) 
 
  
Figure 3. (a,b) Cages partition between two phases as a func-
tion of the difference between EEtOAc and Ewater (ΔE), which 
depends upon the amounts of the two anions present. (c) 
There is a linear relationship between ΔE and the amount of 
B(C6F5)4– added to the system; the slope (m) quantifies the 
anion responsivity of each cage. 
where nwater and nEtOAc are the amounts of cage in the wa-
ter and EtOAc layers, respectively. 
Initially, when no B(C6F5)4– had been added and the 
cage resided exclusively in the water layer as the SO42– 
salt, this energy gap is defined as ΔE0 (Figure 3b). Because 
cage solvation in water is initially more favourable than 
cage solvation in EtOAc, ΔE0 is positive. As B(C6F5)4– is 
added to the system, ΔE decreases. Beyond the equiva-
lence point, where Ewater = EEtOAc, the cage progressively 
partitions into EtOAc from a water layer of equal volume, 
as ΔE becomes negative. The parameter ΔE thus quanti-
fies the degree to which the addition of hydrophobic ani-
ons to the system renders cage solvation in EtOAc pro-
gressively more favourable. 
Furthermore, we found a linear relationship between 
ΔE and x, the amount of B(C6F5)4– added to the system 
(Figure 3c). The slope of this line, m, is defined as the ani-
on response coefficient and describes the amount by 
which ΔE changes per equivalent of B(C6F5)4– added to the 
system. 
When considering the phase transfer of cages 18+, 28+, or 
316+ in isolation, ΔE0(316+) < ΔE0(28+) < ΔE0(18+). These val-
ues relate to the inherent hydrophobicity of the cage cati-
ons. As cage hydrophobicity increases, Ewater is higher and 
EEtOAc is lower, leading to a decrease in ΔE0. The hydro-
phobicity of a cage cation depends upon the charge densi-
ty of the cage and the nature of the subcomponents from 
which the cage is assembled. Despite the higher charge of 
cage 316+, the charge density of this cage is lower than the 
charge densities of cages 18+ or 28+, because the cubic cage 
  
Figure 4. Phase transfer of (a) cages 18+ and 28+; (b) cages 18+ and 316+; (c), cages 28+ and 316+. Monitoring was carried out by slice-
selective 1H NMR. Data were fit to equation (1). 
has approximately 3 times the surface area, and 7 times 
the volume, of the tetrahedral cages (see SI section S7). 
Furthermore, the charge densities of cages 18+ and 28+ are 
comparable. Cage 316+, with the lowest charge density and 
six porphyrin faces, is thus more hydrophobic than cages 
18+ or 28+. Cage 28+, with four triazine faces, is in turn more 
hydrophobic than cage 18+, which has twelve pendant 
glyceryl groups. 
These values of ΔE0 can be understood intuitively in 
terms of their charge density and the solvent exposure of 
their aromatic edges or faces. Their relative ordering, 
however, appeared initially to contradict the observation 
that cage 316+ required more equivalents of B(C6F5)4– than 
cages 18+ or 28+ in order to achieve complete phase trans-
fer into EtOAc (Figure 2a). This apparent discrepancy 
occurs because cage 316+ has a smaller anion response co-
efficient than cages 18+ and 28+: |m|(316+) < |m|(18+) < 
|m|(28+). 
Because cubic cage 316+ carries twice the positive charge 
of tetrahedral cages 18+ and 28+, twice as many SO42– coun-
terions are associated with 3 than with 18+ or 28+. When 
B(C6F5)4– anions were added to the system, competition 
from these more numerous SO42– anions ultimately causes 
cage 316+ to be less susceptible to the addition of hydro-
phobic anions than cages 18+ and 28+. Conversely, cages 18+ 
and 28+ carry the same charge and are initially associated 
with the same number of SO42– counterions. Our model 
thus quantified the intuitive expectation that cage 28+ (the 
more hydrophobic tetrahedron) should be more suscepti-
ble than cage 18+ to the addition of B(C6F5)4– anions. 
Sequential phase transfer of individual cages from 
a mixture. As discussed above, the phase transfer behav-
iors of cages 18+, 28+, and 316+ can be defined by the param-
eters ΔE and m, with values characteristic of each cage. 
Consequently, we designed a series of phase transfer ex-
periments to study how competition among different cage 
species would shape the transfer responses of each indi-
vidual cage species within a mixture (Figure 4). In these 
mixed-cage phase transfer experiments, two different 
cages (18+ + 28+, 18+ + 316+, and 28+ + 316+) were initially dis-
solved together in the D2O layer. Each cage was present at 
the same concentration (0.5 mM). Upon the addition of 
hydrophobic anions, only one cage species was observed 
to pair with B(C6F5)4– and preferentially transfer into the 
EtOAc layer. Only after the first cage species was ap-
proaching complete transfer into EtOAc did the second 
cage species begin to transfer phase. Separation of each 
combination of two cage species thus occurred in all three 
experiments. When cages 18+ and 316+ were combined, for 
example, the maximum separation achieved was calculat-
ed to be 90.9%. In all cases, the second cage was subse-
quently driven into the EtOAc layer by adding more 
B(C6F5)4–. This process was fully reversible upon the addi-
tion of SO42–. 
  
Figure 5. (a) Summary of the ΔE0 values (in units of kT) for each cage in the presence and absence of other cage species. Within 
each row, the initial EtOAc layers contain no solutes, rendering the initial EEtOAc levels equivalent. (b,c) Summary of the m values 
for each cage (in units of kT) in the presence and absence of other cage species. Due to the lower charge density of cage 316+, we 
hypothesize that the effective sulfate concentration around cage 316+ is lowered when it is combined with cages 18+ or 28+. 
The individual transfer profiles of cages 18+, 28+, and 316+ 
were perturbed by the presence of other cage species. 
When dissolved together, cages 18+ and 28+ required more 
anions to achieve complete transfer than they required in 
isolation. Conversely, cage 316+ required fewer anions. As 
was observed when the cages were investigated in isola-
tion, cage 28+ required fewer anions to achieve complete 
transfer than cage 18+, which in turn required fewer anions 
than cage 316+. Based on the amounts of B(C6F5)4– required 
for 50% transport of each cage in isolation (Figure 2a), we 
expected cage 28+ to transfer into EtOAc before cage 18+, 
followed by cage 316+. As expected, cage 28+ preferentially 
transferred into EtOAc before cage 18+. We were initially 
surprised to observe, however, that cage 316+ transferred 
into EtOAc before either cages 18+ or 28+. 
Thermodynamic model describing the sequential 
phase transfer of mixed-cage systems. In order to 
quantitatively describe the phase transfer behaviours of 
cages 18+, 28+, and 316+ 
 in the presence of other cage species, we calculated the 
values of ΔE0 and m for each cage within each sequential 
phase transfer experiment. The thermodynamic model 
described above was thus used to analyse the slice-
selective 1H NMR data from the three competition exper-
iments (18+ + 28+, 18+ + 316+, and 28+ + 316+). The values of 
ΔE0 and m that we obtained are summarised in Figure 5 
and are discussed below. 
For all cages, ΔE0 was observed to increase when other 
cage species were present (Figure 5a). Because all the 
components in these systems started in the water layer, 
the EtOAc layers should have the same initial composi-
tion across all phase transfer experiments. We therefore 
assume that, before the addition of anions, EEtOAc for each 
cage was unaffected by the presence or absence of other 
species. In the presence of other cage species, we thus 
deduce that the increased values of ΔE0 for each cage 
were the result of lowered Ewater energy states. This effect 
can be understood as follows: when different cages are 
present together, each cage species is stabilised in water 
by the sulfate counteranions from the other species. The 
extent of this stabilisation is dependent on the identities 
of both cages present in solution. Cage 316+ was observed 
to stabilise cages 18+ and 28+ in water to a greater degree 
than cage 28+ stabilised cages 18+ and 316+, and cage 18+ was 
found to have the smallest effect on the aqueous stabilisa-
tion of either of the other species. 
The anion response coefficient for each cage, however, 
either increased or decreased depending on the identity 
of the other cage species present. For cages 18+ and 28+, 
|m| was smaller when other species were present, mean-
 ing that the cages became less responsive to the addition 
of hydrophobic anions. Conversely, |m| for cubic cage 316+ 
became larger when other species were present; 316+ thus 
became more responsive to the addition of B(C6F5)4–. 
Determining the parameters ΔE0 and m, as summarized 
in Figure 5, has allowed us to formulate an explanation to 
describe the transfer behaviour of these cages. When 
comparing cages 18+ and 28+, both cages bear the same 
charge, but cage 28+ is more hydrophobic (smaller ΔE0), 
more responsive to the addition of B(C6F5)4– (larger |m|), 
and therefore transferred into EtOAc more readily than 
cage 18+. When combined with other cage species, cages 
18+ or 28+ were stabilised in the water layer by the higher 
SO42– concentration, and they became less responsive to 
the addition of B(C6F5)4– (|m| decreased). Cage 316+ has 
twice the charge, and thus twice the number of SO42– 
counterions, but is more intrinsically hydrophobic (small-
er ΔE0) than cages 18+ or 28+. Because cage 316+ has twice 
the number of SO42– counterions, 316+ is less responsive to 
the addition to the addition of B(C6F5)4– (smaller |m|) 
than either 18+ or 28+. When combined with other cage 
species, the SO42– counterions from cage 316+ were pulled 
away by cages 18+ or 28+ because their charge density is 
higher. Consequently, cage 316+ became more responsive 
to the addition of B(C6F5)4– (|m| increased) in the pres-
ence of 18+ or 28+. The combination of these effects (intrin-
sic hydrophobicity and anion responsivity) resulted in 
cage 316+ undergoing phase transfer before cages 18+ or 28+. 
Implications and applications of sequential phase 
transfer. Because each cage species perturbed the trans-
fer profile of other cage species within a mixture, we in-
ferred that we could use one cage species as a stimulus to 
trigger the phase transfer of another (Figure 6a). We thus 
prepared a biphasic system containing EtOAc (200 μL) 
and cage 1[SO4]4 (0.10 μmol) in D2O (200 μL). B(C6F5)4– (13 
equiv) was then added, triggering the phase transfer of 
cage 18+ from D2O into EtOAc; the original SO42– counter-
ions from cage 18+ remained in the D2O layer. Cage 
3[SO4]8 (0.10 μmol) was then added to the system, causing 
cage 18+ to transfer from EtOAc back into the D2O layer. 
As with the other phase transfer processes described 
herein, this transformation was governed by anion ex-
change: from B(C6F5)4– to SO42– for cage 18+ and from SO42– 
to B(C6F5)4– for cage 316+. Significantly, this experiment 
demonstrates that the physical location of a cage species 
can be controlled through the addition of another cage. 
Finally, we used the sequential phase transfer of cages 
28+ and 316+ to separate a mixture of organic molecules 
(Figure 6b). Cyclooctadiene (A) and coronene (B) were 
chosen as prospective guest molecules because they have 
been previously shown to bind strongly and in slow ex-
change within cages 28+ and 316+, respectively.14,15 A  28+ 
and B3  316+ were combined in D2O, and B(C6F5)4– (18 
equiv) was added to trigger the phase transfer of B3  316+ 
into EtOAc. Because cages 28+ and 316+ are face-capped, 
their cargoes A and B become kinetically trapped upon 
encapsulation in polar solvents.15,17,23 This effect allows 
cages 28+ and 316+ to transport their molecular cargoes as 
they move between immiscible liquid layers. Using the  
 
Figure 6. (a) Upon the addition of cage 3[SO4]8 to a biphasic 
system in which cage 1[B(C6F5)4]8 is dissolved in the EtOAc 
layer, 18+ was observed to migrate to the D2O layer. (b) Upon 
the addition of B(C6F5)4– to a biphasic system in which A  
2[SO4] and B3  3[SO3] were dissolved in the D2O layer, B3 
 3[SO3] was observed to transfer into the EtOAc layer. 
sequential phase transfer of cages 28+ and 316+, we thus 
separated the two cages and their respective cargoes, A 
and B. Notably, in the sequential phase transfer of cages 
28+ and 316+ (in which the cages were filled with solvent 
molecules) and the sequential phase transfer of cages A  
28+ and B3  316+ (in which the cages were filled with 
guests that bind strongly and in slow exchange), both 
experiments required the same number of anion equiva-
lents to separate the two cages (18 equiv of B(C6F5)4–), 
indicating that the presence and identities of guests with-
in the cage cavities did not measurably alter the thermo-
dynamics of the system. 
CONCLUSION 
Using hydrophobic or hydrophilic anions as stimuli, 
coordination cages 18+, 28+, and 316+ were shown to transfer 
between water and EtOAc over 11 times. When cages 28+ 
and 316+ were combined, the preferential transfer of cage 
316+ before cage 28+ resulted in the separation of their mo-
lecular cargoes. Building upon these results, additional 
complexity and functionality may be attained by combin-
ing three or more different cage species of varying sizes, 
with each cage species encapsulating a different guest.24–28 
Upon sequential transfer of each host-guest complex into 
EtOAc, the separated cargoes could then be collected. 
The cage could, for instance, release its cargo upon open-
ing. As shown by Zhang et al., an opened cage may subse-
quently be regenerated.20 Notably, the use of this tech-
nique would not require thermal energy, and would gen-
erate only re-usable salts as a by-product. Our method is 
significant in the context of chemical separations,23,29–32 
which remain the most energy-intensive processes in in-
dustry. Thermal approaches such as distillation, for in-
 stance, consume nearly half of the total industrial energy 
budget in the US.33 Indeed, the economic and environ-
mental costs of chemical separation are equivalent to 
those imposed by half the country’s transportation sec-
tor.34 
Furthermore, the thermodynamic model developed 
herein constitutes a new tool to quantify the hydrophobi-
city of coordination cages and other molecular species 
that transfer between phases. This model may be extensi-
ble to molecular transport across cell membranes,35 across 
membranes for industrial separations,36 and in energy 
storage materials.37 This study thus serves as an experi-
mental and theoretical foundation to begin developing 
energy-efficient separations technologies based on the 
phase transfer of coordination cages and their cargoes. 
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